To form a metallic luster on AZ31 magnesium alloy, it is necessary to optimize the surface morphology since the surface roughness affects the specular reflection of visible light, and the surface structure such as the film thickness and properties must be optimized so that light is not absorbed. We conducted experiments to analyze the relationship between surface roughness and specular reflection, and determined the range required to produce metallic luster. The ratio of the root mean square roughness ' to the wavelength of incident light ! was 0-0.067, and the ratio of the specular reflectivity R of the specimens to the specular reflectivity of a smooth surface R 0 was 0.54-1.0. The thickness of film to form a metallic luster was theoretically analyzed and found to be about 100 nm or less. The authors developed an optimum acid aqueous solution for treating the surface to form a metallic luster on the surface of AZ31 magnesium alloy. This treatment satisfied the range required to form a metallic luster identified theoretically, and formed a film with a stable structure that maintained its metallic luster. The treatment maintained the geometrical patterns such as the hair-line and blast finishing of several hundred nm or more. A sufficiently high-quality surface for exterior parts was obtained by improving the process, and the process was industrialized.
Introduction
Colorless and transparent methods of treating the surfaces of magnesium alloys have been reported. 1) However, the colorless and transparent methods of treating were applied only to the logo or front of the parts. The other parts were usually painted. In this surface treatment process, machining is usually used to create a metallic luster, but the metallic luster cannot be increased by further machining and so the design range is limited.
Metallic luster depends on the intensity of specular reflection from the metal. Specular reflection means that the angle of reflection is the same as the angle of incidence. To increase surface specular reflection, the surface morphology must be optimized since the surface roughness affects the specular reflection of visible light. A film of suitable thickness and properties such that light is not absorbed must be created. The surface structure, such as the film thickness and properties, must be optimized.
We optimized the surface morphology and structure by developing an acid aqueous solution for surface treatment to form a metallic luster on the surface of AZ31 magnesium alloy. [2] [3] [4] [5] [6] [7] [8] [9] We applied this treatment to a chassis, and formed a metallic luster on the entire chassis whole surface. To expand the design range of exterior parts, we maintained geometric patterns such as the hair line and blast finishing, etc. We also industrialized the optimum acid aqueous solution treatment, which we call the MgbrightÔ process. 2, 5) Figure 1 shows photographs of components of a notebook computer to which MgbrightÔ was applied. 10) 
Metallic Luster and Surface Roughness
The surface morphology of a metal has irregularities of different order. In the present study, we considered two kinds of such surface morphology, one involving metallic luster, and the other involving geometric patterns that can be visually seen as irregularities on the surface. Irregularities are usually quantified as surface roughness. It has been reported that the surface morphology involved in metallic luster is roughness smaller than the wavelength of visible light, of about 10-100 nm. 11, 12) The roughness that can be visually confirmed such as a geometric pattern is considered to be several 1000 nm.
A change in the surface roughness due to surface treatment can be distinguished by the order of surface roughness [11] [12] [13] ( Fig. 2) . Quantification of surface roughness of different order can be controlled by the cut-off when measuring the surface roughness. We assumed that the surface morphology involved in metallic luster is the root mean square roughness with a cut-off value of 0.002 mm, and that the surface morphology involved in geometric patterns is the arithmetical mean roughness with a cut-off value of 0.8 mm. 8) First, the surface roughness involved in metallic luster was analyzed. Metallic luster means that the specular reflection intensity is strong. A gloss-meter is used in industry to measure specular reflection intensity, which is called specular glossiness, G s . The specular glossiness G s is the ratio Fig. 1 Photograph of notebook computer part subjected to MgbrightÔ.
10)
Materials Transactions, Vol. 52, No. 6 (2011) pp. 1076 to 1081 Special Issue on Platform Science and Technology for Advanced Magnesium Alloys, V #2011 The Japan Institute of Metals
OVERVIEW
of specular reflection intensity of the sample to that of a standard board. We quantified the specular reflection as a specular glossiness. The measurement angle of incidence, , was 20 . The width of the measurement angle of the receiving light device of this gloss-meter Á was angle of incidence AE0:1 .
9)
Davis reported the relation between specular reflection and scattered reflection and the surface roughness. 14) We derived the following theoretical equation for the surface of AZ31 magnesium alloy by applying Davis's theory and the measurement conditions ¼ 20 , Á ¼ 0:2 for the specular glossiness:
where, R is the specular reflectivity of the measurement surface of the specimen, R 0 is the specular reflectivity of a perfectly smooth surface, ' is the root mean square roughness, ! is the wavelength of incident light, and m is the root mean square slope. 9) Expression (1) assumes that ' ( !. As mentioned above, the measured values contain both specular reflection as well as the scattered reflection to the angular width of the measurement of the optical receiver. The first term of eq. (1) is the specular reflection, while the second term is the scattered reflection to the angular width of the measurement of the optical receiver.
We analyzed the specular glossiness, G s (20 ) , and the root mean square roughness, ', of the sample processed by the acid aqueous solution treatment by eq. (1), 9) and found that the experiment results closely matched those obtained by the equation. Figure 3 shows the relation between R=R 0 and '=! for an angle of incidence of 20 . Next, the range of surface roughness for obtaining metallic luster was calculated. Aoki reported that the condition for specular reflection is given by: 15) h=! < 1=f8 sin½ð%=2Þ À g ð2Þ
where, h is the height of irregularities on the reflecting surface, is the angle of incidence, and ! is the wavelength of incident light. The range of surface roughness for producing metallic luster was calculated by eq. (2). The equation for calculating the root mean square roughness ' is:
Z is the height from the mean line. By replacing Z in eq. (3) with h=2 and calculating, h is obtained as 2'. Substituting h ¼ 2' in eq. (2) gives:
This equation shows the range of surface roughness for obtaining metallic luster, and for an angle of incidence of 20 , gives the range 0 < '=! < 0:067. Moreover, the range of the ratio of specular reflection, R=R 0 , at which metallic luster was produced is calculated by using 0 < '=! < 0:067 and eq. (1), yielding 0:54 < R=R 0 < 1. Figure 3 shows the range where metallic luster is produced.
Next, we examined optimization of the surface treatment liquid element and the surface treatment conditions by acid aqueous solution treatment. 3, 6, 7) It was clarified that the optimum surface treatment liquid with the supersonic wave frequency of 28 kHz for 30 s was 0.3-0.5 mol dm À3 nitric acid with 0.01 mol dm À3 organic acid, and the optimum temperature was 278 K. We decided to perform optimum acid aqueous solution treatment under these conditions.
7) The ratio '=!, with ! ¼ 500 nm, of the optimum acid aqueous solution treatment was 0.029, and R=R 0 was 0.72. 9) This result shows the range where metallic luster is produced, and is shown in Fig. 3 . We confirmed that surface treatment using the optimum acid aqueous solution formed a metallic luster.
It is necessary to maintain the geometric pattern to expand the range of design selection. The roughness that can be visually confirmed as a geometric pattern is considered to be several 1000 nm. The change in the geometric pattern by the optimum acid aqueous solution treatment was confirmed by the normalized gloss, G s N , and the arithmetical mean roughness, R a . 4) Figure 4 shows the result. 4, 5, 13) The normalized gloss is the ratio of the specular glossiness of a specimen to the specular glossiness of a specimen polished by #2000 emery paper. The surface was polished by several mechanical methods. The arithmetic mean roughness R a hardly changed and the normalized gloss G s N increased. This result showed that the optimum acid aqueous solution treatment maintained roughness of several 1000 nm, which is the surface roughness of the geometric pattern. In addition, it was confirmed that a geometric pattern with surface roughness of several hundred nm could be maintained. As described above, the developed optimum acid aqueous solution is a surface treatment that forms a metallic luster while maintaining the geometric pattern.
Metallic Luster and Surface Structure

Film thickness
To form a metallic luster, it is necessary to control the film thickness, which we decided should be in the range of about 100 nm or less, as shown below. Figure 5 shows pattern diagrams of the reflection of light and penetration when a transparent, smooth thin film exists on the metal. The total reflected light from the surface is the sum of the reflected light from points A1, A2 and other points. However, interference is caused by the reflected light at various locations. This interference depends on the angle of incidence, wavelength of light, and film thickness. If the angle of incidence is constant, the film thickness required to maximize the brightness of the reflected light is given by:
where, d is the film thickness, ! is the wavelength of incident light, and n 2 is the refractive index of the film. If a magnesium oxide film is formed, the film thickness (i ¼ 1{7) at which the brightness becomes the maximum is a wavelength within the visible light range, as shown in Table 1 . The refractive index of the magnesium oxide was 1.74. 16) At the film thickness at which the brightness of reflected light is maximum, the human eye perceives color in the film, and this color depends on the wavelength. The color can be changed by the combination of the wavelength, when the brightness of reflected light at several different wavelengths was the maximum at the same film thickness. For example, the brightness of the reflected light of wavelength of about 380, 485, and 700 nm becomes the maximum for the film thickness of about 500 nm as shown in Table 1 . Thus, the human eye perceives the color of the combination of the wavelength of about 380, 485 and 700 nm for the film thickness of about 500 nm. When the film thickness is such that the brightness of the reflected light becomes the maximum over the whole range of visible light wavelength, light interference can be disregarded because the reflected light becomes white.
The strength of specular reflection decreases when the reflected light becomes white, and the film thickness becomes thick when light interference can be disregarded. According to Lambert's law, the intensity is given by the following equation if the intensity of the light i advances the distance z in the absorbing media: 17) ¼ i expðÀzÞ ð 6Þ
where, is the absorbing coefficient of the absorbing media. The distance moved by light, z, is replaced with the film thickness. It can be understood that with greater film thickness, the intensity of light penetration decreases, and so the specular reflection intensity decreases, too. Thus, a thicker film hinders the realization of metallic luster. Note that the condition for light interference includes the condition that the reflection of light decreases, as shown by the following equation:
This equation shows the destructive interference. 18) The value of i ¼ 1 in Table 1 shows film thickness, d, on the destructive interference. The film thickness is calculated by eq. (7). This result showed that a colorless film can be formed when the thickness of the magnesium oxide film is about 100 nm or less.
Magnesium oxide, magnesium hydroxide, or other compounds are expected to form on the surface of magnesium alloy when soaked in the acid aqueous solution. The refractive index of magnesium hydroxide is 1.56. 19) In the hydroxide magnesium film that was formed, the condition of destructive interference was calculated by eq. (7) as well as the condition for formation of the magnesium oxide film. If ! was 770 nm, d was 123 nm, which is almost the same result as that for magnesium oxide. For these reasons, it was decided that the range of film thickness to form a metallic luster was about 100 nm or less. Magnesium oxide formed on the surface of AZ31 magnesium alloy subjected to the optimum acid aqueous solution treatment. 3, 7) Thus, a film thickness of about 100 nm or less is suitable for forming metallic luster. The depth profiles of constituent elements of the specimen using a glow discharge optical emission spectrometer (GD-OES) of (a) the surface polished by #2000 emery paper and (b) the surface after the optimum acid aqueous solution treatment are shown in Fig. 6. 7) The oxide film thickness was set to half the width of an oxygen atom based on the result of GD-OES.
7) The oxide film thickness of the surface after the optimum acid aqueous solution treatment was 55 nm. 7) The result clarified that the optimum acid aqueous solution achieved a film thickness of about 100 nm or less which is necessary to form a metallic luster. Figure 7 shows the secondary electron and back reflected electron images in the section of the sample subjected to the optimum acid aqueous solution treatment.
13) The oxide film on the surface could not be confirmed in the secondary electron image. Also, it was confirmed that a micron-order oxide film did not form at least in the back reflected electron image. However, it was possible to observe a very thin oxide film formed on the surface. In the secondary electron and back reflected electron images, the oxide film thickness of 55 nm as decided by GD-OED could not be confirmed and therefore detailed further observation is necessary on the oxide film thickness.
Corrosion resistance and properties of the film
It is considered that a larger film thickness generally improves the corrosion resistance of magnesium alloys, and various surface treatment methods have been developed. [20] [21] [22] [23] [24] Figure 8 shows the thickness of the oxide film on the fresh surface of magnesium alloy and the dependency of the corrosion rate on the concentration of aluminum. 26, 31) The film thickness decreases as the concentration of aluminum in the magnesium alloy increases, and the corrosion resistance is improved. It was reported that this result was due to stabilization of the film by the aluminum that concentrates in the oxide film. 27, 28) It was also reported that the corrosion resistance is influenced by not only the film thickness and the precision of the film formed by the surface treatment, but also by the properties of the film, based on an examination of the relation between the structure and the corrosion resistance of the anode oxide film of magnesium alloys. 29) In view of these reports, it is important to control the properties of the film rather than thickness in order to improve the corrosion resistance.
The formation of magnesium oxide on the surface of magnesium is expected to stabilize the surface. The structure of a natural oxide of magnesium and magnesium alloys is reported to be as follows. The Mg 2p peak of the XPS spectrum for the initial film formed on pure magnesium was analyzed. The result showed that the Mg 2p peak of the initial film corresponded to elemental magnesium, magnesium oxide and magnesium hydrate.
30) The amount of magnesium hydrate in the film was estimated to range from 50 to Surface Treatment to Provide a Metallic Luster to AZ31 Magnesium Alloy 1079 60 mass%. 30) In humid air, a hydrated layer was formed between the metal and initial film. In magnesium alloys, the hydrated layer was formed in humid air, too. 25, [30] [31] [32] [33] On the surface of magnesium and magnesium alloys, an initial film containing magnesium oxide was formed, but the structure of the surface changed in humid air. The authors reported a difference in the structure of the surface polished by #2000 emery paper and the surface after optimum acid aqueous solution treatment in humid air. 7) A film containing magnesium oxide formed on the surface polished by #2000 emery paper, and the structure changed in humid air. In the optimum acid aqueous solution treatment to form a metallic luster, magnesium oxide was formed on the surface by using nitric acid as the oxidant. The structure of the surface after this treatment did not change in humid air. 7) These results suggest that the contribution of magnesium oxide to corrosion resistance is related to not only the formation of magnesium oxide but also its amount. Figure 9 shows the relation between the amount of oxidation magnesium per unit film thickness and luster stability. 7) The amount for the film on the specimen surface after acid aqueous solution treatment was more than that of a specimen polished by #2000 emery paper, and the stability of the metallic luster was good. This result showed that the amount of oxidation magnesium in the film of magnesium alloy influenced the corrosion resistance. It is necessary to form a film with sufficiently stable structure on the surface to improve the corrosion resistance of magnesium alloys. The developed optimum acid aqueous solution treatment creates such a film with a stable structure that maintains the metallic luster.
Application to Press-Forming
For exterior parts such as the chassis which are the targets of this study, not only the size accuracy of the chassis but also high Kansei value, such as a good external appearance, is necessary. 34) Damage occurs during the press working of usual magnesium alloys, 5) and a high-quality press-forming process that suppresses such damage has been industrially developed. 5, [35] [36] [37] [38] [39] We investigated the possibility of applying the optimum acid aqueous solution treatment to industrial processes for high-quality press forming. As a result, the normalized gloss was improved with almost no change in the arithmetic mean roughness as shown in Fig. 4 . It was thus confirmed that the optimum acid aqueous solution treatment was suitable not only for the standard specimen whose surface was polished by a machine, but also for press-forming products. 4, 5, 13) Exterior parts such as the chassis of notebook computers require durability, chemical resistance, abrasion resistance, etc., as well as metallic luster and luster stability. Therefore, a clear coating process for use after the optimum acid aqueous solution treatment was developed. 5) This surface treatment process is called MgbrightÔ, which achieves the surface performance required of exterior parts.
Summary
In developing a surface treatment to form a metallic luster on the surface of AZ31 magnesium alloy, we set a target value by clarifying the surface morphology and structure required to form a metallic luster, and optimized the surface treatment method accordingly. The conditions required to form a metallic luster were clarified, and the conditions of the optimum acid aqueous solution treatment are shown in Table 2 . We found that the optimum acid aqueous solution treatment maintained geometrical patterns, such as hair-line and blast, of several hundred nm or more. In addition, the surface performance required for exterior parts was obtained by improving the process suitable for industrial use. #2000 emery paper 7) Optimal surface treatment 7) Optimal surface treatment without organic acid Fig. 9 Relationship between MgO in film and luster stability on AZ31 magnesium alloy. Luster stability, L, was quantified by ratio of specular gloss, G s (60 ), before and after environment test. Temperature, humidity and time of environment test were in 333 K, 95% and 604.8 ks, respectively. Concentration of aluminum in magnesium alloy (mass%)
Film thickness, l / nm Corrosion rate, 1/r / mg -1 cm 2 s Nordlien's data 25) Mg-Al-Zn 26) Fig. 8 Thickness of oxide film on fresh surface of magnesium alloy and dependency of corrosion rate on the concentration of aluminum. Table 2 Conditions for forming metallic luster and for optimal acid aqueous solution treatment. 
Conditions
